Introduction
============

DNA damage is an important etiological factor in lung cancer ([@b1-ijmm-41-04-2128]), and various types of DNA damage exist, including nucleotide alterations (deletions, insertions and substitutions of nucleotides), single-strand breaks and double-strand breaks ([@b2-ijmm-41-04-2128]). When DNA damage occurs, a set of DNA repair pathways are activated ([@b3-ijmm-41-04-2128]--[@b5-ijmm-41-04-2128]). Among these pathways, the base excision repair (BER) pathway is responsible for repairing the majority of DNA damage caused by alkylation and oxidative stress ([@b4-ijmm-41-04-2128],[@b6-ijmm-41-04-2128]).

Human apurinic/apyrimidinic (AP) endonuclease 1 (APE1), also known as APE, APEX and Ref-1, is a ubiquitous multifunctional protein, which is associated with BER and redox activities. APE1 is a rate-limiting enzyme in the BER pathway ([@b7-ijmm-41-04-2128]--[@b9-ijmm-41-04-2128]). When base damage occurs, glycosylases in the cell excise the damaged base to generate an AP, or abasic, site. Unlike other glycosylases, APE1 is the only enzyme that can process the BER abasic site; APE1 hydrolyzes the phosphodiester backbone 5′ to the AP site, creating a normal 3′ hydroxyl terminus and an abasic 5′ deoxyribose phosphate terminus. During this process, APE1 also recruits various polymerases and ligases to participate in the repair. Mammalian APE1 also affects numerous DNA transcription factors, including hypoxia inducible factor (HIF)-1α, activator protein (AP)-1, nuclear factor (NF)-κB and p53 ([@b10-ijmm-41-04-2128]), and by doing so, indirectly contributes to DNA repair.

APE1 is the only DNA repair protein known to have redox regulatory activity ([@b8-ijmm-41-04-2128],[@b10-ijmm-41-04-2128]), and is responsible for 95% of cellular endonuclease activity ([@b7-ijmm-41-04-2128],[@b8-ijmm-41-04-2128]). APE1 is able to regulate the reducing state of amino acid residues at key sites of transcription factors, and therefore participates in various basic cellular events, including proliferation, differentiation, apoptosis and transformation. The expression levels, aberrant subcellular localization and the patterns of post-translational modification of APE1 have been implicated in chemo- and radioresistance ([@b11-ijmm-41-04-2128],[@b12-ijmm-41-04-2128]), and are associated with poor prognosis in numerous types of cancer, including non-small cell lung cancer (NSCLC) ([@b13-ijmm-41-04-2128]--[@b22-ijmm-41-04-2128]). Serum APE1 autoantibody has been proposed as a potential tumor marker and predictor of responses to chemotherapy in patients with NSCLC ([@b23-ijmm-41-04-2128]).

Lung cancer accounts for 13% of all new cases of malignant tumors and 19.4% of cases of malignant tumor-associated mortality ([@b24-ijmm-41-04-2128]). The latest cancer statistics have revealed increasing morbidity and mortality of lung cancer in developed and developing countries ([@b25-ijmm-41-04-2128],[@b26-ijmm-41-04-2128]). Approximately 85% of all patients with lung cancer have NSCLC. In patients who are not a candidate for surgery, therapeutic approaches mainly include chemotherapy and targeted therapy ([@b27-ijmm-41-04-2128]--[@b29-ijmm-41-04-2128]). However, despite advances in treatment, the five-year survival rate remains \<17.4% ([@b30-ijmm-41-04-2128]).

Under the theoretical framework of traditional Chinese medicine (TCM), lung cancer is believed to reflect external invasion, which may lead to disharmonious lung functions, and ultimately results in the obstruction of lung Qi and blood stasis. Previous studies regarding TCM and lung cancer ([@b31-ijmm-41-04-2128]--[@b36-ijmm-41-04-2128]) have suggested that supplementing the center, and boosting Qi and anti-inflammatory function, may prolong patient survival and improve the quality of life (QOL) for patients with NSCLC. The major ingredients of original Bu-Fei decoction (BFD) are Milkvetch root (Huang-Qi), Radix Asteris (Zi-Yuan) and Cortex Mori Radicis (Sang-Bai-Pi). In addition, modified BFD (MBFD) lso contains *Hedyotic diffusa* (Bai-Hua-She-She-Cao), Duchesnea (She-Mei) and *Scutellaria barbata* (Ban-Zhi-Lian). He *et al* demonstrated that BFD attenuated TGF-β1-mediated epithelial-mesenchymal transition in lung cancer A549 cells via decreasing canonical Smad signaling pathway ([@b37-ijmm-41-04-2128]). BFD has been shown to exhibit immunomodulatory effects and possess anti-tumor activities ([@b38-ijmm-41-04-2128]). The present study aimed to examine the potential antitumor effects of BFD and MBFD on representative NSCLC cell lines and a mouse xenograft model.

Materials and methods
=====================

Cell culture
------------

The H1975 and H292 human lung cancer cell lines, and the BEAS-2B human lung bronchial epithelial cell line, were purchased from American Type Culture Collection (Manassas, VA, USA). The cells were grown in RPMI-1640 medium (Thermo Fisher Scientific, Inc.) containing 10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.) and maintained at 37°C in an atmosphere containing 5% CO~2~.

BFD and MBFD
------------

The BFD decoction is composed of 6 medicinal herbs: milkvetch root (Huang-Qi), *Radix asteris* (Zi-Yuan), *Cortex Mori Radicis* (Sang-Bai-Pi), *Rehmannia glutinosa* (Di-Huang), *Codonopsis pilosula* (Dang-shen) and *Schisandra chinensis* (Wu-Wei-Zi), *Hedyotic diffusa* (Bai-Hua-She-She-Cao), *Duchesnea* (She-Mei) and *Scutellaria barbata* (Ban-Zhi-Lian) were added to make MBFD. The components of BFD and MBFD were converted into formula granules by Beijing Tcmages Pharmaceuticals Co., Ltd. (Beijing, China) at a receiving rate of 18.8 and 14.1%, respectively. The quality of the BFD and MBFD granules was monitored by Fourier transform infrared spectroscopy (model IRPRestige-21; Shimadzu Corp., Kyoto, Japan). Prior to use, the formula granules were dissolved in deionized water at about 50°C, centrifuged at 13,800 × g for 30 min to remove drug sediment, and sterilized by filtration through a 0.22 *µ*m membrane (EMD Millipore, Billerica, MA, USA); finally, the solutions were stored at −80°C. The concentrations of BFD and MBFD indicated in the subsequent text denote crude drug concentrations.

Cell proliferation assay
------------------------

Cells were resuspended in RPMI-1640 at a density of 1×10^4^ cells/well in 96-well plates (Costar; Corning Incorporated, Corning, NY, USA). Drug exposure was conducted after culturing for 24 h and were treated with the drugs alongside 1% FBS in an atmosphere containing 5% CO~2~. H1975, H292 and BEAS-2B cells were treated with BFD (0--30 mg/ml) or MBFD (0--15 mg/ml) for 24 h. β-actin (\#4790; dilution, 1:10,000; Cell Signaling Technology, Inc., Danvers, MA, USA) was used as a loading control in cell proteins and GAPDH (\#5174; dilution, 1:10,000; Cell Signaling Technology, Inc.) in tissue proteins. Cells were then incubated with MTT at a final concentration of 0.5 mg/ml (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) at 37°C for 4 h, then MTT was replaced by 150 *µ*l dimethyl sulfoxide, incubated for 15 min at room temperature. Absorbance (optical density) was measured at 570 nm using a microplate reader (Model 680; Bio-Rad Laboratories, Inc., Hercules, CA, USA).

Flow cytometry and cell cycle analysis
--------------------------------------

Cells were resuspended in RPMI-1640 at a density of 3×10^5^ cells/well in 6-well plates (Costar; Corning Incorporated). Drug exposure was conducted after culturing for 24 h and at 1% FBS. H1975 cells were treated with BFD (0--30 mg/ml) or MBFD (0--15 mg/ml) for 24 h; H292 cells were treated with BFD (0--30 mg/ml) or MBFD (0--20 mg/ml) for 24 h at 37°C in an atmosphere containing 5% CO~2~. Cells were then collected, fixed with cold 75% ethanol and stored at −20°C for ≥24 h. Subsequently, after washing twice with cold PBS, cells were incubated with propidium iodide (PI)/RNase staining buffer (BD Biosciences, San Diego, CA, USA) for 15 min at room temperature. DNA content was analyzed by flow cytometry using BD Accuri C6 (version 1.0.264.15; BD Biosciences). The percentage of cells in the various phases of the cell cycle was determined using ModFit LT 4.1 software (BD Biosciences).

Annexin V/PI staining assay
---------------------------

Annexin V/PI staining was performed using an apoptosis detection kit (Dojindo Molecular Technologies, Inc., Kumamoto, Japan). Following treatment, cells were collected and dissolved in 100 *µ*l Annexin V binding buffer (5×10^5^ cells/ml). To 100 *µ*l of each sample, 5 *µ*l Annexin V and 5 *µ*l PI were added, and the samples were incubated for 15 min at room temperature. Analysis of apoptosis was performed using BD Accuri C6. Annexin V-negative/PI-negative cells were identified as viable cells, Annexin V-positive/PI-negative cells were recognized as early apoptotic cells, and Annexin V-positive/PI-positive cells were identified as late apoptotic/dead cells.

Comet assay
-----------

Cells were suspended in ice-cold 1X PBS (Ca^2+^- and Mg^2+^-free) to a concentration of 2×10^5^ cells/ml. DNA strand breaks were evaluated using Trevigen CometAssay^®^ kit (Trevigen, Gaithersburg, MD, USA). Cells (2×10^5^ cells/ml) were mixed with molten LMAgarose at a volume ratio of 1:10 and the mixture was immediately evenly spread onto comet slides, which were incubated at 4°C in the dark for 10 min. The slides were then transferred to prechilled lysis solution for 60 min at 4°C.

For the alkaline comet assay, slides were incubated in 300 mM NaOH containing 1 mM EDTA (pH \>13) for 20 min at room temperature in the dark, and were electrophoresed at 1 V/cm and 300 mA for 40 min. After extensive rinsing, slides were incubated in 70% ethanol for 5 min and dried. Finally, DNA was stained with SYBR-Green I dye (1:10,000 in Tris-EDTA buffer, pH 7.5; Trevigen) for 20 min at 4°C. Images were captured using a fluorescence microscope (TCS SP5; Leica Microsystems GmbH, Wetzlar, Germany).

For the neutral comet assay, samples were immersed in 50 ml 1X neutral electrophoresis buffer for 30 min at 4°C, separated by electrophoresis at 1 V/cm for 40 min, and transferred to DNA precipitation solution for 30 min at room temperature. After drying, DNA was stained with SYBR-Green I dye (1:10,000 in Tris-EDTA buffer, pH 7.5; Trevigen) for 20 min at 4°C. Images were captured using a fluorescence microscope (TCS SP5; Leica Microsystems GmbH).

Comet analysis
--------------

The percentage of DNA in the tail (the percentage of total cell DNA found in the tail) and tail moment (the amount of DNA in the tail combined with the distance of migration) are common descriptors of DNA damage determined by alkaline comet and neutral comet assays, respectively. At least 50 randomly selected cells were analyzed for each slide using TriTek CometScore™ Freeware v1.5 image analysis software (TriTek Corporation, Sumerduck, VA, USA).

Small interfering (si)RNA and plasmid transfection
--------------------------------------------------

Cells were transfected with APE1 siRNA \[(5′→3′): GTTGGCGCCTTGATTACTT\] or a scrambled RNA control (Guangzhou Ribobio Co., Ltd., Guangzhou, China) at a final concentration of 80 pM using Lipofectamine^®^ 2000 (Invitrogen, Carlsbad, CA, USA). pReceiver-M98 plasmid containing the APE1 gene (cat. no. EX-C0496-M98-5) and an empty plasmid were synthesized by GeneCopoeia (Rockville, MD, USA). Transfection efficiency was confirmed by western blot analysis. Cells were re-suspended in RPMI-1640 at a density of 2×10^5^ cells/well in 24-well plates (Costar; Corning Incorporated), cultured for 24 h at 37°C in an atmosphere of 5% CO~2~. Before transfection, dilution of 0.8 *µ*g DNA in 50 *µ*l Opti-MEM medium without serum (Gibco, Grandsland, NY, USA) and dilution of 2 *µ*l Lipofectamine^®^ 2000 in 50 *µ*l Opti-MEM Medium without serum was made, and incubation for 5 min at room temperature followed. The diluted DNA and diluted Lipofectamine^®^ 2000 (total volume =100 *µ*l) were combined and incubation for 20 min at room temperature followed. A total of 100 *µ*l of complexes was then added to each well containing cells and 400 *µ*l RPMI-1640 medium; cells were incubated at 37°C in an atmosphere of 5% CO~2~ for 24 h. Same as the plasmid transfection, 40 pmol siRNA and 1 *µ*l Lipofectamine^®^ 2000 were used in the siRNA transfection protocol. Transfection was conducted 48 h prior to drug treatment with BFD or MBFD.

RNA isolation, polymerase chain reaction (PCR) and reverse transcription-quantitative PCR (RT-qPCR) analysis
------------------------------------------------------------------------------------------------------------

Total RNA was extracted from cells using TRIzol^®^ reagent (Invitrogen; Thermo Fisher Scientific, Inc.). RT was performed using the TransScript First-Strand cDNA synthesis supermix (Beijing Transgen Biotech Co., Ltd., Beijing, China) according to the manufacturer's protocol. The concentration and quality of extracted RNA were verified using a NanoDrop 2000 (NanoDrop; Thermo Fisher Scientific, Inc., Wilmington, DE, USA). RT was performed using the TransScript First-Strand cDNA synthesis supermix (Beijing Transgen Biotech Co., Ltd., Beijing, China). PCR was conducted according to the standard protocol of EasyTag supermix (Beijing Transgen Biotech Co., Ltd.) and DNA amplification was performed using a PCR thermocycler (S1000TM, Thermal Cycler; Bio-Rad Laboratories, Inc.). The cycling conditions were as follows: One cycle at 95°C for 5 min, followed by 30 cycles at 95°C for 30 sec, 60°C for 30 sec and 72°C for 35 sec. The amplification products were separated by 1% agarose gel electrophoresis and were analyzed using an ultraviolet transilluminator (GelDoc™ EZ; Bio-Rad Laboratories, Inc.). RT-qPCR was performed using a SYBR-Green qPCR Supermix (Applied Biosystems; Thermo Fisher Scientific, Inc.) on an ABI Prism 7500 sequence detection system (Applied Biosystems; Thermo Fisher Scientific, Inc.). The cycling conditions were as follows: One cycle at 35°C for 10 min, followed by 40 cycles at 95°C for 30 sec, 60°C for 30 sec and 72°C for 35 sec. The specific primers designed for PCR were synthesized by Sangon Biotech Co., Ltd. (Shanghai, China); the sequences were as follows (5′→3′): APE1, forward GAGTAAGACGGCCGCAAAGAAAAA, reverse CCGAAGGAGCTGACCAGTATTGAT; and GAPDH, forward GGTGAAGGTCGGTGTGAACG and reverse CTCGCTCCTGGAAGATGGTG. Cells were resuspended in RPMI-1640 at a density of 3×10^5^ cells/well in 6-well plates (Costar; Corning Incorporated). Drug exposure was conducted after culture for 24 h and at 1% FBS. H1975 cells were treated with BFD (0--30 mg/ml) or MBFD (0--15 mg/ml) for 24 h; H292 cells were treated with BFD (0--30 mg/ml) or MBFD (0--20 mg/ml) for 24 h. Following treatment, the cells were washed with ice-cold PBS and lysed with RIPA buffer (CWBIO, Beijing, China). Protein concentration was detected using a BCA protein assay kit (Thermo Fisher Scientific, Inc.). The specificity of amplification was confirmed via melting curve analysis. The mRNA expression levels of APE1 relative to GAPDH were calculated using the ΔΔCq method, as described previously ([@b39-ijmm-41-04-2128]).

Western blot analysis
---------------------

Samples (15 *µ*g protein) were separated by 12% SDS-PAGE and were transferred to polyvinylidene difluoride membranes (EMD Millipore). The membranes were then blocked with 5% skim milk for 1 h at room temperature, and were incubated with APE1 antibody (ab92744; dilution, 1:20,000; Abcam, Cambridge, MA, USA) overnight at 4°C. The membranes were washed with Tris-buffered saline containing 0.05% Tween and were then incubated with horseradish peroxidase-conjugated secondary antibody (cat. no. 129736; dilution, 1:10,000; ZSGB-BIO Co., Ltd, Beijing, China) for 1 h at room temperature. Finally the blots were visualized using chemiluminescence (EMD Millipore). β-actin (\#4790; dilution, 1:10,000; Cell Signaling Technology, Inc.) was used as a loading control. Semi-quantitative analysis of the blots was performed using ImageJ2x (National Institutes of Health, Bethesda, MD, USA). Protein concentration was determined using the bicinchoninic acid method prior to western blotting.

Nude mouse xenograft model
--------------------------

Female BALB/c nude mice (n=50; age, 6--8 weeks; weight, 22 g; National Institutes for Food and Drug Control, Beijing, China) were housed in environmentally controlled cabinets (temperature, 23±2°C; 12-h light/dark cycle; relative humidity, 50%; normal food and water) under specific pathogen-free conditions for 7 days prior to experimentation. Protocols were performed in accordance with the US Animal Welfare guidelines ([@b40-ijmm-41-04-2128]), and the present study was approved by the Institutional Animal Care and Use Committee of the First Hospital Affiliated to PLA General Hospital. H1975 cells (3×10^6^ density) were suspended in cold PBS mixed with Matrigel (BD Biosciences) at a volume ratio of 1:1, and were subcutaneously inoculated into the right flank of nude mice.

The weight of tumor-bearing mice was measured and tumor volume was calculated according to the following formula: Tumor volume (mm^3^) = (length × width^2^)/2. The daily dosage for nude mice experiments (BFD and MBFD at 15.17 and 24.42 g/kg, respectively) was based on human use (1.23 and 1.98 g/kg, respectively), as described previously ([@b41-ijmm-41-04-2128]). When tumor volume reached 50--100 mm^3^, mice were randomly divided into five groups (n=10/group): Control, BFD (30 g/kg), BFD (60 g/kg), MBFD (48 g/kg) and MBFD (96 g/kg). Drugs were orally administered twice daily for 21 consecutive days. After 21 days, the mice were sacrificed. The blood samples (0.5 ml) were collected from foss orbital veins into heparinized polythene tubes. Tumors were resected and weighed after the mice were sacrificed. Tumor tissues were fixed in formalin and in ice-cold PIPA lysate buffer for protein detection.

ELISA assay
-----------

The protein concentration of APE1 was determined in mouse plasma samples using a commercial ELISA kit (Beijing Keyingmei Technology, Beijing, China). The blood samples (0.5 ml) were collected from foss orbital veins into heparinized polythene tubes. After placement at 4°C for 2 h, and centrifugation at 2,500 rpm for 15 min, the supernatant was collected to a new tube for ELISA.

Statistical analysis
--------------------

Data are presented as the means ± standard error of mean of at least three independent experiments. Half maximal inhibitory concentration (IC~50~) was calculated using GraphPad Prism 5.0.1 software (GraphPad Software, Inc., La Jolla, CA, USA). The analysis of variance (ANOVA) was used to compare gene expression levels between the different groups; other comparisons between two groups were analyzed using Student's t-test. All data analyses were conducted using SPSS statistical software 19.0 (IBM Corp., Armonk, NY, USA). P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

Effects of BFD and MBFD on cell proliferation
---------------------------------------------

BFD and MBFD inhibited the proliferation of H1975 and H292 cells in a dose-dependent manner ([Fig. 1](#f1-ijmm-41-04-2128){ref-type="fig"}). The IC~50~ values of BFD were 21.66±1.01, 36.84±0.56 and 46.02±0.89 mg/ml in H1975, H292 and BEAS-2B cells, respectively. The IC~50~ values of MBFD were 9.12±0.96, 12.66±0.56 and 18.1±1.08 mg/ml in H1975, H292 and BEAS-2B cells, respectively. These results indicated that BEAS-2B cells are less sensitive to BFD and MBFD compared with the two cancer cell lines (P\<0.01).

Effects of BFD and MBFD on cell cycle progression and cell apoptosis
--------------------------------------------------------------------

The results of flow cytometry experiments demonstrated that BFD and MBFD have no effects on cell cycle arrest and apoptosis of H1975 and H292 cells (data not shown).

Effects of BFD and MBFD on DNA repair
-------------------------------------

Treatment with BFD and MBFD increased DNA migration from the nucleus in a concentration-dependent manner, thus suggesting that DNA repair is suppressed. The migration of DNA from the nucleus formed a 'comet tail' ([Fig. 2A and B](#f2-ijmm-41-04-2128){ref-type="fig"}). Tail DNA increased by 11.14-, 25.04- and 45.93-fold, and 1.85-, 4.25- and 4.85-fold in H1975 and H292 cells, respectively, by BFD at 10, 20 and 30 mg/ml (P\<0.001 vs. control) ([Fig. 2C](#f2-ijmm-41-04-2128){ref-type="fig"}). BFD did not affect tail DNA in BEAS-2B cells at this concentration range. Tail moment increased by 2.38-, 6.86- and 7.62-fold, and 4.98-, 5.36- and 6.79-fold in H1975 and H292 cells, respectively, by BFD at 10, 20 and 30 mg/ml (P\<0.001). In BEAS-2B cells, BFD increased tail moment only when used at the highest concentration (30 mg/ml).

MBFD also increased the extent of DNA damage in H1975 and H292 cells. Tail DNA was increased by 6.37-, 9.72- and 28.21-fold in H1975 cells in response to 5, 10 and 15 mg/ml MBFD, respectively (P\<0.001) ([Fig. 2D](#f2-ijmm-41-04-2128){ref-type="fig"}). In H292 cells, tail DNA was increased by 13.77-, 30.56- and 64.07-fold in response to 10 (P\<0.001), 15 (P\<0.01) and 20 mg/ml (P\<0.01) MBFD, respectively (P\<0.001). BEAS-2B cells were not affected by MBFD. In H1975 cells, tail moment was increased by 2.44-, 3.69- and 11.5-fold in response to 5, 10 and 15 mg/ml MBFD, respectively. In H292 cells, tail moment was increased by 28.14-, 64.89- and 97.68-fold in response to 10, 15 and 20 mg/ml MBFD, respectively. In BEAS-2B cells, tail moment was increased only when cells were treated with the highest concentration of MBFD.

Effects of APE1 manipulation
----------------------------

Knockdown of APE1 induced DNA damage and inhibited proliferation of the two cancer cell lines ([Fig. 3B, and C](#f3-ijmm-41-04-2128){ref-type="fig"}). Conversely, overexpression of APE1 with a pReceiver-M98 plasmid increased cell proliferation ([Fig. 3D](#f3-ijmm-41-04-2128){ref-type="fig"}). Compared with in the transfection group, treatment with BFD at 10, 20 and 30 mg/ml concentration inhibited H1975 cell proliferation by 27.96 (P\<0.01), 41.54 (P\<0.01) and 73.4% (P\<0.001), respectively, and inhibited H292 cell proliferation by 13.6 (P\<0.05), 25.2 (P\<0.01) and 46.16% (P\<0.001), respectively. In addition, treatment with MBFD at 5, 10 and 15 mg/ml concentrations inhibited H1975 cell proliferation by 29.01 (P\<0.01), 47.21 (P\<0.01) and 66.68% (P\<0.001), respectively, and MBFD at 10, 15 and 20 mg/ml concentrations inhibited H292 cell proliferation by 24.06 (P\<0.05), 48.76 (P\<0.01) and 66.49% (P\<0.001), respectively.

BFD and MBFD inhibit APE1 mRNA expression in H1975 and H292 cells
-----------------------------------------------------------------

The mRNA expression levels of APE1 (296 bp) and GAPDH (353 bp) were subsequently detected ([Fig. 4A](#f4-ijmm-41-04-2128){ref-type="fig"}). Compared with in the control H1975 and H292 cells (untreated cells), the mRNA expression levels of APE1 were decreased following treatment with BFD and MBFD (P\<0.05) ([Fig. 4B](#f4-ijmm-41-04-2128){ref-type="fig"}); however, 10 mg/ml BFD slightly enhanced APE1 mRNA expression in H1975 cells (P\>0.05).

BFD and MBFD inhibit APE1 protein expression in H1975 and H292 cell lines
-------------------------------------------------------------------------

As presented in [Fig. 5](#f5-ijmm-41-04-2128){ref-type="fig"}, treatment with BFD or MBFD decreased APE1 protein expression in H1975 and H292 cells. In H1975 cells, APE1 protein expression levels were reduced by 11.53, 24.65 (P\<0.01) and 34.74% (P\<0.001) in response to treatment with BFD at 10, 20 and 30 mg/ml, respectively; and by 18.42 (P\<0.01), 53.51 (P\<0.001) and 62.17% (P\<0.001) in response to treatment with MBFD at 5, 10 and 15 mg/ml, respectively. In H292 cells, APE1 protein expression levels were reduced by 8.74, 20.57 (P\<0.05) and 36.84% (P\<0.01) in response to treatment with BFD at 10, 20, and 30 mg/ml, respectively; and by 24.58, 39.79 (P\<0.001) and 54.61% (P\<0.001) in response to treatment with MBFD at 10, 15 and 20 mg/ml, respectively. A closer inspection of the data suggested that MBFD exhibited a stronger effect compared with BFD; the effects of MBFD on APE1 protein expression were more apparent than BFD.

BFD and MBFD suppress tumor growth in nude mice
-----------------------------------------------

BFD and MBFD inhibited tumor growth in a mouse xenograft model ([Fig. 6A](#f6-ijmm-41-04-2128){ref-type="fig"}). The tumor growth inhibition rate was 31.97% following treatment with BFD (30 g/kg), 36.60% following treatment with BFD (60 g/kg), 37.57% following treatment with MBFD (48 g/kg) and 52.92% following treatment with MBFD (96 g/kg) ([Fig. 6B](#f6-ijmm-41-04-2128){ref-type="fig"}). There were no significant differences in body weight among the treatment groups at the end of the experiment ([Fig. 6C](#f6-ijmm-41-04-2128){ref-type="fig"}). The alterations in tumor weight were consistent with those in tumor volume ([Fig. 6D](#f6-ijmm-41-04-2128){ref-type="fig"}).

APE1 protein levels are reduced by BFD and MBFD in mouse xenograft tumors
-------------------------------------------------------------------------

As shown in [Fig. 7A and B](#f7-ijmm-41-04-2128){ref-type="fig"}, APE1 protein expression was reduced by 16.43 (P\<0.05), 33.40 (P\<0.001) and 37.1% (P\<0.001) in response to treatment with BFD at 60 g/kg, MBFD at 48 g/kg and MBFD at 96 g/kg, respectively. At 30 g/kg, BFD did not affect APE1 protein expression (P\>0.05).

BFD and MBFD decrease plasma APE1 concentration
-----------------------------------------------

BFD and MBFD significantly decreased plasma APE1 concentrations ([Fig. 7C](#f7-ijmm-41-04-2128){ref-type="fig"}).

Discussion
==========

According to TCM, BFD supplements Qi, clears away heat and nourishes the lungs, and is believed to treat symptoms caused by insufficiency of Lung-Qi and endogenous heat-induced lung injury. Previous studies regarding the application of BFD in lung cancer have indicated that BFD may be beneficial in reducing lung cancer-associated symptoms and improving the QOL of patients with advanced lung cancer ([@b42-ijmm-41-04-2128],[@b43-ijmm-41-04-2128]). *Hedyotic diffusa*, Duchesnea and *Scutellaria barbata* are always added in the application of MBFD. A previous study regarding Milkvetch and Codonopsis demonstrated that Milkvetch may induce tumor cell differentiation and death ([@b44-ijmm-41-04-2128]). Furthermore, according to TCM, *Hedyotic diffusa*, Duchesnea and *Scutellaria barbata* exhibit heat-clearing and detoxifying functions, and *Scutellaria barbata* possesses antitumor properties. It is also believed that *Scutellaria barbata* may serve a role strengthening vital Qi to eliminate pathogenic factors; it has been suggested that in advanced cancer a combination of drugs that strengthen vital Qi and antitumor drugs may be beneficial.

Pharmacological studies have reported that Milkvetch, which is the main component of BFD and MBFD, is able to promote the growth of normal cells, improve immunity, accelerate the regeneration of serum and liver proteins, and protect the liver and kidney from damage caused by toxic substances ([@b45-ijmm-41-04-2128],[@b46-ijmm-41-04-2128]). In addition, another active ingredient, astragalus polysaccharide, exerts antitumor effects. Epifriedelanol, which is contained in aster flowers, has also been reported to exert an anticancer effect on mouse Ehrlich ascites carcinoma. In addition, Cortex Mori Radicis exerts inhibitory effects on lung cancer cells ([@b45-ijmm-41-04-2128],[@b46-ijmm-41-04-2128]). In TCM, it is believed that *Hedyotic diffusa* possesses strong heat-clearing and detoxifying function ([@b45-ijmm-41-04-2128],[@b46-ijmm-41-04-2128]), and it is therefore widely used in the treatment of various types of cancer. Experimental studies have indicated that *Hedyotic diffusa* is able to suppress the proliferation of lung cancer cells, arrest cells in G~0~/G~1~ phase and promote cell apoptosis ([@b47-ijmm-41-04-2128],[@b48-ijmm-41-04-2128]). Duchesnea and *Scutellaria barbata* also exhibit pharmacological effects of detoxification. Previous studies have indicated that the crude extract or active ingredient of these two herbs exert inhibitory effects on the proliferation of lung cancer cell lines and the growth of mouse xenograft tumors; however, they do not exhibit inhibitory effects on normal mammary epithelial cells ([@b49-ijmm-41-04-2128]--[@b52-ijmm-41-04-2128]). To the best of our knowledge, the present study is the first to provide *in vitro* and *in vivo* evidence to support the antitumor effects of BFD and MBFD on NSCLC cells, and their inhibitory effects on APE1 expression.

APE1 is the rate-limiting enzyme in the BER pathway and is the only DNA repair protein with redox regulatory activity, which indirectly affects DNA repair via the modulation of transcription factors ([@b7-ijmm-41-04-2128]--[@b10-ijmm-41-04-2128]). The present results revealed that the mRNA and protein expression levels of APE1 were decreased in H1975 and H292 lung cancer cells under BFD and MBFD treatment. In addition, BFD and MBFD significantly inhibited the proliferation of H1975 and H292 cells, and the results of comet assays demonstrated that BFD and MBFD suppressed the DNA repair of these two cell lines. Conversely, BFD and MBFD exhibited reduced activity against normal human lung bronchial epithelial BEAS-2B cells, thus indicating that the application of BFD and MBFD is safe for patients with lung cancer. Furthermore, the present *in vivo* experiments provided strong evidence to support these findings. Consistent with the *in vitro* results, the administration of BFD and MBFD resulted in suppression of tumor growth and a reduction in the expression of APE1 in mouse plasma samples and tumor tissues compared with in the control group. In addition, no significant differences were detected in body weight between the control and treatment groups. Notably, the appetite and temperament of the mice was better in the treatment groups compared with in the control group. In older to further explore the association between BFD/MBFD and APE1, H292 and H1975 cells were transfected with a siRNA to downregulate the expression of APE1, cells were then treated with BFD and MBFD; the results indicated that DNA damage of H1975 and H292 cells was significantly increased and the proliferation of the two cell lines was significantly reduced in response to APE1 siRNA. In addition, H1975 and H292 cells were transfected with pReceiver-M98 plasmid containing a gene clone of APE1; subsequently, the results of an MTT assay indicated that proliferation of the two cell lines was promoted by APE1 overexpression; however, the effects of cell proliferation were attenuated by BFD or MBFD treatment. It may be hypothesized that BFD and MBFD inhibit proliferation due to an increase in DNA damage via inhibition of APE1 expression.

Notably, MBFD exhibited a better antitumor effect compared with BFD *in vivo* and *in vitro*. A possible explanation may be that since MBFD contained more *Hedyotic diffusa*, Duchesnea and *Scutellaria barbata* than BFD, the pharmacological activities of these three herbs served a central role in the improved antitumor effects. Clinically, patients with cancer that received Chinese medicine were mostly unable to receive chemotherapy or targeted therapy due to their poor health status. The present study indicated that MBFD strengthened the antitumor effects of BFD, which provides evidence to suggest that MBFD may be applied to treat patients with cancer.

Although the present results revealed the antitumor effects of BFD and MBFD, there are some limitations to the present study. There are various DNA repair pathways, and the results of the comet assays indicated that DNA damage was increased following treatment with BFD or MBFD; however, the reduction in APE1 expression may be just one of the most relevant factors, and targeted evidence is required to verify whether DNA damage was caused by APE1 suppression. Furthermore, as aforementioned, APE1 is a multifunctional protein with DNA repair and redox activities. The current experimental results demonstrated that BFD and MBFD inhibited lung cancer via the suppression of APE1; however, the specific mechanisms by which BFD and MBFD inhibit lung cancer via APE1 require further study. Therefore, future experiments should focus on the effects of BFD/MBFD on the two activities of APE1, including the expression of the associated DNA transcription factors, phosphorylated (p)-NF-κB, p-AP-1 and HIF1-α, *in vivo* and *in vitro*. In addition, the present study observed that, compared with the mice in the control group, the mice in the treatment groups exhibited better appetite and temperament; therefore, it may be hypothesized that BFD and MBFD contribute to improving the QOL of patients with cancer, which is consistent with the characteristics of tonic Chinese herbs, including Milkvetch. Research regarding the underlying mechanism will be conducted in future studies.

In conclusion, the present study demonstrated that BFD and MBFD exert inhibitory effects on NSCLC growth; these anti-tumor effects may be associated with the inhibition of APE1. These results suggested that BFD and MBFD may be considered promising treatments for NSCLC; in particular, MBFD exhibited a stronger antitumor effect without impacting the body weight and activities of mice. Furthermore, the present study provided evidence to suggest that APE1 may be a target factor for the treatment of NSCLC with TCM.
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NSCLC

:   non-small cell lung cancer

BFD

:   Bu-Fei decoction

APE1

:   apurinic/apyrimidinic endonuclease 1

MBFD

:   modified Bu-Fei decoction

![Effects of BFD and MBFD on the proliferation of lung cancer cell lines and human lung bronchial epithelial cells. ^\*^P\<0.05 and ^\*\*^P\<0.001 vs. the control group. BFD, Bu-Fei decoction; MBFD, modified BFD.](IJMM-41-04-2128-g00){#f1-ijmm-41-04-2128}

![Effects of BFD and MBFD on DNA damage in H1975, H292 and BEAS-2B cells. (A and B) Neutral and alkaline comet assays of H1975 and H292 lung cancer cell lines, and BEAS-2B human lung bronchial epithelial cells, following treatment with BFD and MBFD. Fluorescence microscopy images of samples stained with SYBR-Green I. Original magnification, ×100. (C and D) Bar graphs presenting tail moment and tail DNA (%) in H1975, H292 and BEAS-2B cells following treatment with BFD and MBFD. BFD, Bu-Fei decoction; MBFD, modified BFD.](IJMM-41-04-2128-g01){#f2-ijmm-41-04-2128}

![Effects of APE1 on DNA damage and cell proliferation. (A) Verification of transfection efficiency. The control groups were transfected with nothing. (B) Effects of APE1 knockdown on the proliferation of H1975 and H292 cells. (C) Bar graphs presenting tail moment and tail DNA (%) in H1975 and H292 cells transfected with APE1 siRNA. (B and C) The control groups were transfected with a scrambled RNA control. (D) Effects of APE1 on cell proliferation, and the effects of BFD and MBFD on the proliferation of H1975 and H292 cells overexpressing APE1. APE1, apurinic/apyrimidinic endonuclease 1; BFD, Bu-Fei decoction; MBFD, modified BFD; NC, negative control; siRNA, small interfering RNA.](IJMM-41-04-2128-g02){#f3-ijmm-41-04-2128}

![BFD and MBFD inhibit APE1 mRNA expression in H1975 and H292 cells. (A) PCR and (B) quantitative PCR analysis of the mRNA expression levels of APE1. ^\*^P\<0.05 vs. the control group. APE1, apurinic/apyrimidinic endonuclease 1; BFD, Bu-Fei decoction; MBFD, modified BFD; PCR, polymerase chain reaction.](IJMM-41-04-2128-g03){#f4-ijmm-41-04-2128}

![BFD and MBFD inhibit APE1 protein expression in H1975 and H292 cells. (A and B) Western blot analysis of APE1 protein expression in H1975 and H292 cell lines. (C and D) Bar graphs presenting the relative expression of APE1 in H1975 and H292 cells following treatment with BFD and MBFD. APE1, apurinic/apyrimidinic endonuclease 1; BFD, Bu-Fei decoction; MBFD, modified BFD.](IJMM-41-04-2128-g04){#f5-ijmm-41-04-2128}

![BFD and MBFD suppress tumor growth in a nude mouse xenograft model. (A and B) Tumor volume was calculated, and (C and D) body and tumor weight were assessed. ^\*^P\<0.05, ^\*\*^P\<0.01 vs. the control group. BFD, Bu-Fei decoction; MBFD, modified BFD.](IJMM-41-04-2128-g05){#f6-ijmm-41-04-2128}

![BFD and MBFD inhibit APE1 expression in xenograft tumor tissue and murine plasma samples. (A and B) Western blot analysis of APE1 protein expression in xenograft tumors. (C) BFD and MBFD decreased the concentration of APE1 in murine plasma samples. ^\*^P\<0.05 and ^\*\*^P\<0.001 vs. the control group. APE1, apurinic/apyrimidinic endonuclease 1; BFD, Bu-Fei decoction; MBFD, modified BFD.](IJMM-41-04-2128-g06){#f7-ijmm-41-04-2128}
